We adopted the FeCl 3 and Grignard metathesis ͑McCullough͒ methods to synthesize three poly͑3-hexylthiophene͒s ͑P3HTs͒ exhibiting different degrees of regioregularity and then blended them with ͓6,6͔-phenyl-C 61 -butyric acid methyl ester ͑PCBM͒ to obtain bulk heterojunction phases on the top of an acid-doped polyaniline nanotube ͑a-PANINT͒ interfacial layer. From integration of 1 H NMR spectra, we determined that the three P3HTs had head-to-tail coupling contents of 67, 81, and 96%, respectively. The photovoltaic ͑PV͒ performance of P3HT:PCBM-based devices fabricated without the a-PANINT interfacial layer increased as the regioregularity of the P3HT increased. The presence of the a-PANINT interfacial layer resulted in improved PV performances of the P3HT:PCBM-based devices. This improvement in the PV performance resulted from the highly conductive, controlled onedimensional tubular nanoscale morphology of the annealed a-PANINT interfacial layer, which mediated the efficient migration of photogenerated holes to the buffer layer and suppressed exciton recombination.
Organic conjugated polymers have drawn much attention in recent years because of their promising applications in electrochromics, 1 biosensors, 2 electrochemical supercapacitors, 3 anticorrosion materials, 4 polymer thin-film transistors, 5 polymer lightemitting diodes, 6 polymer photodetectors, and polymer solar cells. [7] [8] [9] [10] [11] Soluble polythiophene derivatives are the most promising and frequently investigated conjugated systems because of their synthetic availability, stability in various redox states, widespread processability, and tunable electronic properties. Poly͑3-hexylthiophene͒ ͑P3HT͒ is at present one of the most useful electron-donor conjugated polymers for the preparation of bulk heterojunction ͑BHJ͒ polymer solar cells because of its high carrier mobility, thermal stability, and compatibility with solution processing. The electrical properties of this conjugated polymer are strongly dependent on its conformation and microstructure. The effects of the molecular weight, 13 polydispersity, and regioregularity 14 on the morphology and charge-transport phenomena of conjugated polymer materials have been discussed extensively. [10] [11] [12] P3HT by itself exhibits large mesostructural variations, depending on its molecular weight, casting solvent, and annealing treatment; these changes can affect its charge mobility. 15 The photoresponse of lowmolecular-weight P3HT ͑weight-average molecular weight: M w Ͻ 4000 g mol −1 ͒ is limited by the confinement of the conjugation length, which is generally accepted to be greater than, but not far from, 20 units. 16 This value is increased as a result of solid-state effects. P3HT having a value of M w of ca. 10,000 g mol −1 forms crystalline nanorods and exhibits low charge mobilities ͑͒ because of the poor long-range interconnectivity of the polymer chains. P3HT having an even higher molecular weight ͑M w = ca. 30,000 g mol −1 ͒ displays a completely different structure ͓one based on crystalline, interwoven fibrils connected over long distances ͑ca. 500 nm͔͒ that leads to improved values of . 15 Many methods for synthesizing regioregular poly͑alkylth-iophene͒s ͑PATs͒ of various molecular weights have been published during the last few decades. [10] [11] [12] [13] [14] The photovoltaic ͑PV͒ performance of these conjugated polymers is highly dependent on their modes of -stacking. Regiorandom and highly regioregular PATs 17 can be obtained using the coupling methods developed by Sugimoto et al., 18 Tamao et al., 19, 20 Yamamoto et al., [21] [22] [23] [24] Stille, 25 Kodama et al., 26 Chen and Rieke, 27, 28 Chen et al., 29 Wu et al. 31 McCullough et al., 32 and Loewe et al. 33 Using Sugimoto et al.'s method, the monomer is treated with ferric chloride ͑FeCl 3 ͒, which oxidizes the 3-alkylthiophene monomer to produce radical cations having spin density located predominantly on the 2 and 5 positions of the thiophene ring; coupling of these radical actions produces polymers [34] [35] [36] having reasonably high molecular weights, but with broad polydispersity ͑PDI͒, which can lead to undesirable properties. Performing the reactions at lower temperatures or using vanadium-based oxidants can minimize the extent of these defects.
The Stille cross coupling and Rieke methods both lead to regioregular polymers. The Rieke method involves the reaction of 3-alkyl-2,5-dibromo-thiophene with activated zinc followed by a nickel͑0͒-catalyzed polycondensation reaction. High-molecularweight polymers featuring reasonable polydispersity can be obtained under suitably controlled reaction conditions. 30 McCullough et al. 32 and Gao et al. 35 performed coupling reactions of the Grignard products formed from 3-alkyl-2-bromothiophene or 3-alkyl-2,5-dibromothiophene to obtain high-molecular-weight regioregular PATs in good yields.
Ymakis and Amaratunga 37 blended poly͑3-octylthiophene͒ as a photoexcitable electron donor with single-walled carbon nanotubes ͓͑SWNTs͒ nanotube concentration: Ͻ1%͔ as electron acceptors to prepare SWNT/polymer devices that exhibited PV behavior with an open-circuit voltage of 0.7-0.9 V. The short-circuit current ͑I SC ͒ was 2 orders of magnitude greater than that of the pristine polymer diodes, and the fill factor ͑FF͒ also increased from 0.3 to 0.4. The authors proposed that the main reason for this increase was the photoinduced excitons traveling at the polymer-nanotube interface and the SWNTs dissociating the excitons to create continuous percolation paths for the electrons to be transported efficiently to the cathode. A previous study 38 using SWNTs as the interlayer also improved the performance of P3HT-based solar cells. Shao et al. 39 found that an interface layer exhibiting higher crystallinity provided superior solar-cell performance because of the higher charge mobility.
In this study, we synthesized one-dimensional ͑1D͒ acid-doped polyaniline nanotubes ͑a-PANINTs͒ for use as the interfacial layer in P3HT:͓6,6͔-phenyl-C 61 -butyric acid methyl ester ͑PCBM͒-based polymer BHJ solar cells to collect holes efficiently from the active layer and transport them to the buffer layer under the internal electric field within fabricated indium tin oxide ͑ITO͒/buffer/aPANINTs/P3HT:PCBM/Al devices. The use of a-PANINT as an interlayer in these modified devices is attractive for several reasons. The efficiency of photoinduced charge generation depends not only on the quality of the interface with the P3HT/PCBM BHJ interlayer but also on the quality of the interface between the active layer and the a-PANINTs. The extremely high 1D surface area of a-PANINTs can enhance the dissociation of excitons. The extended polyaniline molecules are arranged helically into nanofibers or nanotubes to prevent intra-or intermolecular complexation and to retain their high conjugation lengths, which provide long pathways for holes to travel without exciton recombination or interference from impurities.
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Experimental
Characterization.-All reactions were performed under prepurified nitrogen; tetrahydrofuran ͑THF͒ and diethyl ether were dried over Na/benzophenone ketyl radical and freshly distilled prior to use. All compounds were characterized from their 1 H NMR spectra, which were collected on Unity plus-400, Mercury plus-400, and Varian FT-NMR 400 spectrometers with CDCl 3 as solvent and tetramethylsilane as the internal standard. The regioregularity was calculated from the 1 H NMR spectra by comparing the relative integrations of the signals at chemical shifts of ca. 2.80 ͓head-to-tail ͑H-T͔͒ and 2.58 ͓head-to-head ͑H-H͔͒ ppm. The average molecular weights ͑M n and M w ͒ and PDI of the polymers were determined through gel permeation chromatography ͑GPC͒ using a Waters binary HPLC pump, polystyrene standards, and THF as the solvent. Thermogravimetric analysis ͑TGA͒ was performed using a TGA/ Perkin-Elmer Thermal Analyst Pyris system equipped with a TGA 1 thermogravimetric analyzer and operated at a heating rate of 10°C min −1 and a nitrogen flow rate of 20 mL min −1 . Differential scanning calorimetry ͑DSC͒ was performed using a Pyris Jade DSC/ Perkin-Elmer instrument operated at a heating rate of 10°C min −1 and a nitrogen flow rate of 40 mL min −1 . UV/visual ͑UV/vis͒ spectra were recorded on a Perkin-Elmer Lambda 35 UV/vis spectrometer, using solutions prepared from the copolymers dissolved in o-xylene or films dip-coated onto quartz from o-xylene solution. The surface morphologies of the films were characterized using a BenYuan CSPM 4000 scanning probe microscope and an atomic force microscope ͑AFM͒ operated in the tapping mode. To obtain samples for AFM imaging, the thin films were deposited onto slide glass substrates and annealed on a hot plate at 110°C in air for 10 min. The energy level of the highest occupied molecular orbital ͑HOMO͒ was obtained through photoelectron spectroscopy in air using a Riken Keiki AC-2 surface analyzer. The energy gap ͑E g ͒ was determined from the absorption maximum in the solid state, measured from films spin-coated onto quartz from chloroform ͑CHCl 3 ͒ solution. The current-voltage ͑I-V͒ curves were obtained using a Keithley 2400 source meter and a Newport Oriel 91160 solar simulator system under AM 1.5 illumination ͑100 mW cm −2 ͒. A single-crystalline silicon solar cell was used as a reference cell to confirm the stability of the light source. The mismatch factor was not taken into account. The cell was illuminated from the ITO side. The power conversion efficiency ͑PCE͒ of the PV cells was calculated using the following equations
where P in is the power of the incident light, V oc is the open-circuit voltage, I sc is the short-circuit current, and V max and I max represent the voltage and current at maximum power. All reactions ͑Scheme 1͒ were performed under dry nitrogen using standard Schlenk techniques and flame-dried vessels. Soxhlet purifications of polymers were performed under dry nitrogen using degassed solvents and nonsolvents. CHCl 3 was dried and distilled over CaH 2 . All materials were purchased from Aldrich. PCBM was purified through column chromatography using o-xylene as the eluent ͑yield: 93%͒.
Synthesis of a-PANINTs.-A solution of n-dodecylbenzenesulfonic acid ͓͑DBSA͒, 3 g͔ and ammonium persulfate ͑6 g͒ in deionized ͑DI͒ water ͑30 mL͒ was mixed with a solution of aniline ͑1 g͒ in HCl ͑ca. pH 1.5, 5 mL͒. The resulting dark-green mixture was gently stirred for 5 min and then a further charge of aniline ͑10 g͒ was added. After 4 h of gentle magnetic stirring, the green/ black precipitate of the a-PANINTs was suction-filtered and washed with copious amounts of DI water and methanol. Drying under vacuum at 100°C for 12 h yielded a dark-green powder. The a-PANINTs were purified through filtration and extraction with methanol in a Soxhlet apparatus for 24 h, followed by drying under vacuum at 50°C for another 24 h ͑yield: 93%͒. A portion of this a-PANINT powder ͑0.5 g͒ was mixed with toluene ͑10 mL͒ and zirconium oxide miniballs in a cell suitable for vibration ballmilling. The cell was vibrated in a ball miller ͑Retsch MM301͒ three times for 10 min each time to form a well-dispersed state.
3-Hexylthiophene.-1-Bromohexane ͑0.05 mol͒ was added to a suspension of Mg ͑0.14 mol͒ in dry ethyl ether ͑150 mL͒. After the complete disappearance of Mg, which was accompanied by a slight increase in temperature, a solution of 3-bromothiophene ͑0.12 mmol͒ and ͓1,3-bis͑diphenylphosphino͒propane͔dichloro-nickel͑II͒ ͓Ni͑dppp͒Cl 2 , 0.01 mol͔ in ethyl ether ͑200 mL͒ was added. After stirring for 2 h, the reaction mixture was cooled in a crushed-ice bath and 3 N HCl was added. The organic layer was extracted with ethyl ether and dried ͑MgSO 4 ͒. After rotary evaporation of the solvent, the residue was distilled ͑b.p.: 54°C/0.1 Torr͒ to obtain a colorless liquid ͑86%͒.
1 H NMR ͑400 MHz, CDCl 3 ͒ ␦ ͑ppm͒: 7.227 ͑s, 1H͒, 6.915 ͑s, 1H͒, 2.618 ͑t, J = 7.6 Hz, 2H͒, 1.613 ͑m, 2H͒, 1.305 ͑m, 6H͒, 0.893 ͑m, 3H͒; 
2,5-Dibromo-3-hexylthiophene.-N-Bromosuccinimide ͓͑NBS͒,
110 mmol͔ was added to a solution of 3-hexylthiophene ͑50 mmol͒ in dimethylformamide ͑200 mL͒, and then the mixture was stirred at room temperature. After 12 h, n-hexane was added to precipitate the succinimide, which was filtered off. After rotary evaporation of the solvent, the residue was distilled ͑b.p. 120°C/0.1 Torr͒ to obtain as a clear, yellow oil ͑75%͒.
1 H NMR ͑400 MHz, CDCl 3 ͒ ␦ ͑ppm͒: 7.254 ͑s, 1H͒, 6.770 ͑s, 1H͒, 2.498 ͑t, J = 7.6 Hz, 2H͒, 1.513 ͑m, 2H͒, 1.311 ͑m, 6H͒, 0.896 ͑m, 3H͒. 
Preparation of poly(3-hexylthiophene)s at 25°C (P1) and 0°C
(P2).-3-Hexylthiophene was added to a suspension of anhydrous FeCl 3 ͑40 mmol͒ in anhydrous CHCl 3 ͑400 mL͒, and then the mixture was stirred at 25°C. After 7 h, the reaction mixture was poured into methanol ͑500 mL͒ and the resulting red-black precipitate was filtered. The precipitate was purified with methanol in a Soxhlet apparatus for 72 h. The brown precipitate was filtered off and dried in a vacuum oven to yield the polymer P1 as a dark-brown solid ͑35%͒.
1 H NMR ͑400 MHz, CDCl 3 ͒ ␦ ͑ppm͒: . c n 2H͒, 2.58 ͑t, J = 7.5 Hz, 2H͒, 1.71 ͑m, 2H͒, 1.34 ͑m, 6H͒, and 0.90 ͑m, 3H͒. P2 was prepared using the same procedure, but at a reaction temperature of 0°C. Its 1 H NMR spectrum ͑400 MHz, CDCl 3 ͒ was identical to that of P1. 42 
Preparation of the highly regioregular poly(3-hexylthiophene)
P3.-A dry three-necked flask was charged with 2,5-dibromo-3-hexylthiophene ͑500 mg, 1.5 mmol͒ and anhydrous THF ͑30 mL͒. A solution of tert-butylmagnesium chloride ͑2 M, 1 mL, 2 mmol͒ in diethyl ether was added via a purged syringe, and then the reaction mixture was heated under a gentle reflux for 2 h. After cooling to room temperature, Ni͑dppp͒Cl 2 ͑26 mg, 0.046 mmol͒ was added to the reaction mixture. The polymerization was left to proceed under stirring for 24 h at 0°C and then the mixture was quenched with 5 M HCl. The reaction mixture was then concentrated through rotary evaporation and the precipitate filtered and dried under vacuum at 50°C for 24 h.
The three polymers, P1, P2, and P3, were purified through a series of sequential Soxhlet extractions with methanol, hexane, and CHCl 3 . The fractionation process was performed to diminish the effect from short polymers on the PV performance of the cells and to lower the PDI of each polymer. The fractionation process was performed using a procedure described previously; 43 the properties of the polymers are summarized in Table I . The fractional precipitations of P1 and P2 were performed by adding methanol to the supernatants and cooling them into o-xylene at 0°C for 24 h. The precipitates was collected through centrifugation at 25°C.
Device fabrication .-Poly͑3, 4-ethylenedioxythiophene : poly ͑styrenesulfonate͒ ͑PEDOT-PSS, Baytron AI 4083͒ was spin-coated from an aqueous solution onto precleaned ITO-coated glass ͑sheet resistance: 15 ⍀/ᮀ; Ritek͒ at a thickness of 30 nm, and then the substrate was dried at 150°C for 10 min. The a-PANINT layer ͑40-50 nm͒ was then deposited onto the PEDOT-PSS layer through spin-coating from a toluene solution ͑0.2 mg mL −1 , 5 mL͒. Next, a 1:1 ͑w/w͒ mixture of P3HT and PCBM ͑100 mg mL −1 ͒ in o-xylene was deposited through dip-coating ͑2 cm min −1 ͒ without any filtration under an inert atmosphere onto the a-PANINT layer, and then the sample was dried at 150°C for 10 min. Finally, the Al electrode ͑150 nm͒ was deposited on top of the active layer by thermal evaporation at ca. 2 ϫ 10 −6 Torr through a mask defining the active area of the device as 3 mm 2 . Thermal annealing was performed by heating the devices on a calibrated hot plate at 120°C for 20 min under a nitrogen atmosphere.
Results and Discussion
Figure 1 displays field-emission scanning electron microscopy ͑SEM͒, transmission electron microscopy ͑TEM͒, and X-ray diffraction ͑XRD͒ images of the a-PANINTs. The SEM image reveals that the product comprised Ͼ10 m long tubes having a mean diameter in the range of 200-300 nm, which decreased to ca. 50-70 nm after removing complexed DBSA using ammonia water ͑neutralization͒. The TEM image indicates that each a-PANINT existed in the form of a well-extended 1D nanostructure, which could aid in the transport of charges further through the tubular structure, thereby preventing interference, recombination with electrons, or defects. We did not, however, detect the hollow tubular structure for the emeraldine base dedoped-type PANINTs because the tubes shrank into solid nanofibrous/dendritelike morphologies as a result of strong intermolecular hydrogen bonding after the complexed DBSA was removed entirely. The electrical conductivity ͑ RT ͒ of the a-PANINT compressed pellet was in the range of 3-4 S cm −1 , higher than the average conductivity of common PANIs, which are mostly Ͻ1 S cm −1 and, in some cases, reach as low as 0.1 S cm −1 . We assign the peaks in the XRD pattern in Fig. 1c at 3, 20 , and 27°to the periodic distance between the dopant and the nitrogen atoms on adjacent main chains and to the periodicities parallel and perpendicular to the polymer chains, respectively. Our results indicate that the a-PANINT layer was partly crystalline as a result of its special tubular morphology, which was further enhanced after thermal treatment. We expected that the crystalline, submicron-scale, wellextended 1D nanostructural features on the a-PANINT surface would be an appropriate match for the P3HT/PCBM thermally agi- . c n tated crystalline domain, providing a well-defined contact area for the transport of free charge carriers and, correspondingly, improved device performance. The 1 H NMR spectra in Fig. 2 display the signals assigned to the ␣-methylene protons of the three P3HT polymers; they can be resolved into H-T and H-H dyads. The chemical shifts of the ␣-methylene protons in the H-T and H-H systems appeared at 2.80 and 2.58 ppm, respectively. As the regioregularity increased, the intensity of the H-T peak increased relative to that of the H-H signal. Relative integration of the H-T and H-H peaks provided percentage regioregularities ͑H-T coupling contents͒ for P1, P2, and P3 of 67, 81, and 96%, respectively. P1, P2, and P3 were dissolved separately in o-xylene ͑1 wt %͒ at 90°C and then cooled to room temperature and left for 24 h. Figure  3 displays the UV/vis absorption spectra of these solutions. It is interesting that all three of these P3HTs formed gel-ordered structures after heating to 90°C and then cooling slowly to ambient temperature. The regioregularities of the three P3HTs had an effect on the time required to obtain the gel-ordered behavior. The maximum absorption bands in the UV/vis spectra of P1, P2, and P3 were positioned at 450 nm. After cooling from 90°C to ambient temperature for 1 h, low-energy shoulders appeared at 605 nm for the three different-regioregularity polymer solutions, revealing the formation of ordered, microcrystalline P3HT domains having a coplanar intrachain conformation. For P1, additional low-energy shoulders at 560 and 605 nm began to increase in intensity after 24 h; for both P2 and P3, the shoulders appeared at 510, 560, and 605 nm. These phenomena reveal that the structure possessing higher regioregularity formed highly ordered, microcrystalline lamella domains after a certain amount of time. 44 The P3HT solution prepared using p-xylene 45 as a solvent required a longer time to reach its steady state of gelation, indicating that the solvent plays a key role during the aggregation of conjugated polymers and the optoelectronic performance in the solid state. We attribute the shoulders at 550 and 605 nm to chiral exciton coupling of chirally stacked and chirally aligned polymer strands, respectively. 46 Therefore, the UV/vis spectra revealed that the structures we obtained were composed of highly ordered polymer chains. The increases in intensity of the absorbances at 510, 550, and 605 nm after 24 h indicate that the kinetic processes that were in effect required time to reach the equilibrium rod concentration. 47, 48 An increase in the conjugation length of P3HTs causes low-energy shoulders to appear in UV/vis spectra, arising from -* interchain overlapping. 49 We conclude that our P3HTs having higher degrees of regioregularity featured higher concentrations of their coplanar intrachain overlapping conformation after heating to 90°C and cooling to ambient temperature to form the gelation phase. We suspected that this highly ordered nanorod surface might interact well with the surface of the a-PANINT layer. The inset to Fig. 3 displays XRD patterns of the thin films of the three P3HTs deposited through dip-coating; the peaks represent the distances between the polymer main chains ͑2 = 5°͒, the periodicities parallel to the polymer chains ͑2 = 10.5°͒, and the distances between overlapping thiophene rings ͑2 = 17°͒. 50 Thus, the dipcoating process provided films exhibiting highly crystalline structures, with the higher-regioregularity polymer having the highest degree of crystallinity. We expect that these highly ordered nanorod structures might interact well with the surfaces of the a-PANINT films. We prepared the active layer from the sol-gel solution by heating a mixture of P3HT and PCBM ͑1:1, w/w͒ in o-xylene at and then cooling slowly to ambient temperature. After 24 h, the active layer was dip-coated onto the a-PANINT layer and then the system was dried at 150°C for 10 min. Scheme 2 presents the chemical structures of the materials employed and the device architecture. Figure 4 displays the UV/vis spectra of the P3HT:PCBM blended films. The UV/vis absorption bands of the P1:PCBM solid film appeared at 495 and 595 nm; for the P2:PCBM blended solid film, they were positioned at 515, 550, and 595 nm. Those of the P3:PCBM blended solid film were centered at 515, 550, and 605 nm. Thus, when the regioregularity of the P3HT increased from 67% to 81 or 96%, the maximum absorption band shifted from 495 to 515 nm, revealing a greater degree of -* interchain overlap in the solid state. It is interesting that the UV/vis absorption band at 550 nm was absent for the P1:PCBM film, but present for those of P2 and P3. This behavior might suggest that the "short range" conjugation length was broken by introducing the PCBM nanoparticles into the low-regularity P1 aggregation phase, whereas the "longrange" conjugation lengths of P2 and P3 remained at 550 nm. When the regioregularity of the P3HT increased from 67 to 96%, the band at 595 nm shifted to 605 nm, indicating that the higher regioregularity improved the degree of coplanar -interchain overlap and increased the conjugation length in the solid state ͑i.e., the H-T structure of hexylthiophene units determines both the interchain overlap and the length of conjugation͒. This aggregation and gelation mechanism has been discussed in detail previously. 51 We expected the long conjugation length of P3HT or a-PANINT to aid the transformation of free carriers and improve the PV performance in our fabricated devices. 45, 52 Figure 5 displays AFM images of the P3HT/PCBM blended solid films after dip-coating and annealing. For the P1:PCBM solid film, we observe large-scale phase separation ͑Ͼ100 nm͒, which is not favorable for charge separation, charge transport, or charge collection. 8 The P2:PCBM and P3:PCBM films possess smaller domains ͑Ͻ100 nm͒ ͑i.e., smaller-scale phase separation͒, which we expected would provide higher-quality BHJ interfaces for exciton generation and charge formation. During annealing at 150°C for 30 min, the conformation of P3HT changes to form lamellar structures exhibiting improved -stacking; simultaneously, the PCBM and P3HT components demix and the morphology self-assembles into a BHJ material that is optimum for PV performance. . c n indicating that the higher-regioregularity polymer structures possessed a higher degree of internal coplanar overlap and a longer conjugation length for carrier transport under the internal electrical field. It appears that the more symmetrical chain sequence in D5 provided better packing in the solid state, leading to a slightly longer effective conjugation length. Clearly, structural regioregularity plays an important role in enhancing PV performance, especially in the BHJ structures of solar cells. Thus, for devices prepared without a-PANINT layers, the regioregularity of the polymer structure determines the photon absorption, exciton separation, and carrier transportation in the active layer. The devices D2, D4, and D6, which incorporated a-PANINT layers, exhibited higher PCEs and PV performances than did their corresponding a-PANINT-free devices. These findings suggest that the 1D tubular morphology of the a-PANINT layer provided a welldefined contact surface, efficient pathways for the transportation of free charge carriers toward their respective electrodes, and a reduced number of cul de sacs for holes, thereby reducing the degree of exciton recombination within the photoactive cells and increasing their PV performance.
For P3HT-based devices featuring ohmic contacts at both electrodes, the value of V OC varies linearly with the energy difference between the donor's HOMO and the acceptor's lowest unoccupied molecular orbital ͑LUMO͒, unless splitting of the LUMO/HOMO levels occurs as a result of strong interchain or interlayer interactions originating from relatively high ordering of the P3HT. The value of V OC of our cells remained at ca. 0.51-0.57 V; the slight variation resulted presumably from measurement errors arising from the equipment used. Thus, the value of V OC of a-PANIN/ P3HT:PCBM-based solar cells is not affected by the incorporation of a-PANINT as an interfacial layer, but it is affected by the thermal treatment process. 39 The HOMO energy levels of the a-PANINT films were identical ͑5.1 eV͒; i.e., the incorporation of a-PANINT had no observable effect on the value of V OC of the cells. The constant value of V OC among the various systems suggests equal energy differences between the HOMO of the active layer and the HOMO of the a-PANINT layer. The a-PANINT-modified films exhibited higher values of I SC , with the maximum value of 8.43 mA cm −2 obtained for device D6. The FFs also increased for the a-PANINT-modified devices. As a result, the maximum PCE of the cell ͑2.78%͒ occurred when the H-T content was 96%; the corresponding values of I SC , V OC , and FF were 8.43 mA cm −2 , 0.57 V, and 0.58, respectively. This PCE is a 28% improvement over that of the unmodified cell.
We propose the following PV mechanisms for the functioning of the solar cells incorporating the a-PANIN interfacial layers: ͑i͒ The bulk heterojunction P3HT:PCBM photoactive layer accepts photons from white light and generates excitons. ͑ii͒ The partial excitons are swept to the well-contacted, highly ordered a-PANIN interfacial layer under the influence of the built-in chemical and electric potentials. The high conductivity and mobility of the annealed a-PANIN layer efficiently extracts the photo-induced holes, providing conducting pathways to the buffer layer while reducing the degree of exciton recombination and resulting in a more efficient charge separation. The enhanced hole collection can be ascribed in part to geometrical field enhancement at the a-PANIN layer. The greater order in the structure of the a-PANINs following thermal treatment improved the degree of contact between the buffer layer and the photoactive film, decreasing the series resistance of the cell while increasing both the current and the FF. ͑iii͒ The separated free charge carriers proceed toward their respective electrodes.
Conclusion
Using FeCl 3 as an oxidant and the Grignard metathesis ͑Mc-Cullough͒ method, we have synthesized three P3HTs ͑P1-3͒ exhibiting different structural regioregularities. From 1 H NMR spectra, we determined that the regioregularities ͑H-T coupling contents͒ of P1, P2, and P3 were 67, 81, and 96%, respectively. UV/vis spectra revealed that these P3HTs formed highly ordered structures in o-xylene after heating at 90°C and then cooling to ambient temperature and standing for 24 h. The PV performance of devices fabricated without a-PANINT as an interfacial layer increased as the regioregularity of P3HT increased. The PCEs of the devices incorporating the a-PANINT interfacial layer were higher than those of the corresponding a-PANINT-free devices. This behavior suggests that the high conductivity and controlled tubular nanoscale morphology of the annealed a-PANINT layer resulted in efficient extraction of photogenerated holes to the buffer layer and suppression of exciton recombination, thereby improving the PV performance. Thus, the performance of solar cells can be improved significantly after incorporating an a-PANINT layer into the device structure, without complicating the device fabrication process. 
